The interaction between proteoglycan and link protein extracted from bovine articular cartilage (15-18-month-old animals) was investigated in 0.5 M-guanidinium chloride. The proteoglycans, radiolabelled as the aggregate (Al fraction), were fractionated by two 'dissociative' density-gradient centrifugations (AID 1 Dl) followed by a rate-zonal centrifugation (S1) to yield an AlDIDISI preparation. At 
INTRODUCTION
Proteoglycan aggregates result from the non-covalent interaction between proteoglycan and hyaluronate; this binding is further stabilized by link-protein molecules (Hardingham, 1979) . In aggregates formed in vitro, the ratio of proteoglycan to link protein has been estimated as approx. 1:1 (Heinega1rd & Hascall, 1974; Bonnet et al., 1985) . Link protein may also bind to hyaluronate (Heinegard & Hascall, 1974) and proteoglycan (Caterson & Baker, 1978; Franzen et al., 1981) individually. Although the interactions between proteoglycan and hyaluronate (Cleland, 1979; Nieduszynski et al., 1980; Nieduszynski & Sheehan, 1981) and hyaluronate and link protein (Tengblad, 1981; have been investigated, little binding data are available for the proteoglycan-link-protein interaction.
Link proteins extracted from bovine and human articular cartilage have been identified as three major species with Mr values of 40000, 44000 and 48000 (Treadwell et al., 1980; Roughley et al., 1982) , and the largest link protein has been separated from the two smaller species by wheat-germ-agglutinin affinity chromatography (Choi et al., 1985) . The three link proteins are thought to arise from a single gene product and differ only in their degree of oligosaccharide substitution and proteolytic cleavage at the N-terminus of the molecules (Le Gledic et al., 1983; Poole et al., 1984; Mort et al., 1985) . Recently the largest (48000) and smallest (40000) link proteins from human articular cartilage have been shown to be phosphorylated (Oester et al., 1986) . Link protein may self-associate (Tang et al., 1979; Bonnet et al., 1985) , and the extent of oligomerization is probably concentration-and solvent-dependent.
The amino acid sequences of link protein (Deaik et al., 1986 ;. Doege et al., 1986a; Neame et al., 1986 ) and segments of the proteoglycan core protein (Perin et al., 1981 (Perin et al., , 1984 Doege et al., 1986b) have been determined, and a common amino acid sequence has been demonstrated between link protein and a portion of the Nterminus of the proteoglycan core protein, i.e. the hyaluronate binding-region (Neame et al., 1985) .
In the present study the interaction between cartilage proteoglycan and link protein was addressed by using equilibrium and non-equilibrium methods. The complications due to the presence oflink-protein self-association and the problems of accurately determining both the molarity of polydisperse proteoglycan preparations and the biological activities oflink proteins and proteoglycans were considered.
EXPERIMENTAL Materials
Guanidinium chloride (practical grade) was purchased from the Sigma Chemical Co. (Poole, Dorset, U.K.) and further purified by treatment of 8 M stock solutions with activated charcoal. Benzamidine hydrochloride, dimethyldichlorosilane, high-purity bovine serum albumin and Nethylmaleimide were also from Sigma. Caesium chloride, 6-aminohexanoic acid and disodium EDTA were purchased from BDH Chemicals (Poole, Dorset, U.K. (Heinegard, 1973) based on the modified carbazole assay (Bitter & Muir, 1962) with glucuronolactone as the standard. Hexose was determined by an automated anthrone assay (Heinegird, 1973) with galactose as the standard. Sialic acid was assayed by the procedure of Lohmander et al. (1980) with N-acetylneuraminic acid as the standard. Amino acids (Lyon, 1986) and hexosamines were determined after hydrolysis under N2 with an LKB 4101 amino acid analyser. Proteoglycan was assayed by using 1,9-dimethyl Methylene Blue (Farndale et al., 1982) . Radioactivity was measured in a Packard TriCarb liquid-scintillation counter with Beckman ReadySolv MP as the scintillant. All glass columns and vessels used with link protein were treated with 1 % (v/v) dimethyldichlorosilane in diethyl ether (Schwartz & Zabin, 1966) to decrease losses by adsorption.
(b) Electrophoresis. Discontinuous polyacrylamide-gel electrophoresis was performed on 10 %-(w/v)-polyacrylamide slab gels (Laemmli, 1970) .
(c) Electron microscopy. Length-distribution data on the [14C]proteoglycan preparation, spread in benzyldimethylalkylammonium chloride, were obtained as described by Thornton et al. (1986) .
Preparations. (a) r'HJLink protein.
[3H]Link protein, from bovine femoral-head cartilage (15-18-month-old animals), was prepared essentially as described by , except that 0.01 M-N-ethylmaleimide was present in the inhibitor mixture. This yielded a [3H]link-protein preparation (in 4 M-guanidinium chloride) at a concentration of 0.892 mg/ml, determined by using a specific absorption coefficient (A'%) in 4 M-guanidinium chloride of 1.39 (Tang et al., 1979) , with a specific radioactivity of 9.9 x 106 c.p.m./mg (approx. 0.4 modified acetyl groups per molecule). Three major bands were observed on SDS/polyacrylamide-gel electrophoresis with apparent Mr values of 40000, 44000 and 48000. An inhibition enzyme-linked immunoadsorbent assay (Bassett et al., 1987) interact with proteoglycan (AID 1) was determined by chromatography on Sepharose CL-4B (Fig. 1, below) as described by (Thornton et al., 1986) . This yielded a [14C]proteoglycan preparation, in 4 M-guanidinium chloride, at a concentration of 1.9 mg/ ml and a specific radioactivity of 29 100 c.p.m./mg (i.e. approx. 0.6 modified acetyl groups per molecule). The proteoglycan concentration was determined after exhaustive dialysis and freeze-drying of a portion of the stock solution . The chemical data for the proteoglycan are presented in Table 1 . An inhibition enzyme-linked immunoadsorbent assay (Bassett et al., 1987) indicated that the proteoglycan preparation contained 0.00 12 mol oflink protein per mol ofproteoglycan. The proportion of the [14C]proteoglycan preparation able to form link-protein-free (Fig. 2a, below) and linkprotein-containing aggregates (Fig. 2b, below) was determined by chromatography on Sepharose CL-2B. Recoveries of link protein and proteoglycan from the column were > 90 %. Analytical ultracentrifugation was also employed to assess the proportion of the [14C]-proteoglycans able to form link protein-containing aggregates before or after exposure of the proteoglycans to high pH (Plaas & Sandy, 1986 Sedimentation and diffusion studies. (a) Analytical ultracentrifugation. Sedimentation-velocity experiments were performed in an. MSE Centriscan 75 analytical ultracentrifuge at 40000 rev./min and 20 'C. The apparent sedimentation coefficients, for proteoglycan and proteoglycan-link-protein complex, were determined from peak positions (schlieren monitoring). Sedimentation coefficients were obtained from plots of l/Sa against proteoglycan concentration (0.108-1.9 mg/ml) with linear least-squares regression and corrected to standard conditions (20 'C, water). The M. values for the [14C] proteoglycan, in 4 M-guanidinium chloride and 0.2 M-NaCl, were calculated by using the equation described by Rowe (1977) .
(b) Diffusion studies. The translational diffusion coefficients (DJ) for proteoglycan and proteoglycan-linkprotein complex were determined as described by .
Binding studies. 
RESULJTS
Proportion of 13Hl1ink protein binding to proteoglycan The proportion of the [3H]link-protein preparation capable of interacting with excess proteoglycan, as a percentage of total radiolabel, was determined by chromatography on Sepharose CL-4B and found to be at least 80 % (Fig. 1 .) It should be emphasized that Lyon (1986) found that, even with a 20-fold higher level of such amino group modification, 73 % of the link-protein molecules retained activity with respect to proteoglycan binding. Indeed, the specific radioactivities of the active and inactive link proteins, measured with respect to A280, were in the ratio of 1. (Fig.   2a ). However, a lower proportion, approx. 52% of the population, was able to form link-protein-containing aggregates (Fig. 2b) . The remaining 48 % of the proteoglycans showed insufficient affinity for link protein, as no link protein co-chromatographed with these proteoglycans (Fig. 2b) . Thus, for the purposes of calculation in the subsequent binding analyses, it was assumed that 50 % of the proteoglycan preparation was 'active' with respect to link protein.
Analytical ultracentrifugation of mixtures of [14C]-proteoglycan (1-2 mg/ml), 1 % (w/w) hyaluronate and 5 % (w/w) link protein, under conditions described in the Experimental section, gave rise to two peaks (results not shown). The faster-sedimenting material, which was assumed to be link-protein-containing aggregate, comprised approx. 40 % of the proteoglycans. This proportion was unaffected by prior exposure of the proteoglycans to high pH (8.5), conditions shown to increase the aggregatability of 'maturing' proteoglycan preparations (Plaas & Sandy, 1986 (Fig. 4) . This produces proteoglycancontaining and -depleted zones, which permits calculation of the bound (LPB) and apparently-free (including inactive) link-protein (LPF app.) concentrations. The sedimentation profile for the [14C] proteoglycan, before (AlDID1) and after fractionation (AlDlDlS1), is shown in Fig. 4 the lower plateau provides a determination of the boundlink-protein concentration (LPB). The value for the freelink-protein concentration may be determined from the lower plateau after subtraction of the independently determined proportion of inactive link protein.
Several experiments were performed at a constant proteoglycan concentration (5.9 x 10-8 M) and a range of link-protein concentrations (2.42 x 10-M-5.93 x 10-8 M). The values for the concentrations of bound and free link protein obtained at each link-protein concentration studied were treated in the manner of Scatchard (1949) . These data yield a value for the dissociation constant at 20°C, assuming a stoichiometry of one link protein per proteoglycan, of 1.5 x Io-8 M (Fig. 5) Franzen et al. (1981) for studying the interaction between proteoglycan and link protein extracted from bovine nasal cartilage.
In the present study, centrifugation was performed after equilibration of samples in 0.5 M-guanidinium chloride/5 mM-sodium phosphate, pH 7.4, in 5-25 % (w/v) linear sucrose gradients. Experiments were performed by using a fixed concentration of proteoglycan (5.3 x I0-' M) and a range of concentrations of link protein (I0-' M-5 x 1o-6 M). A typical profile is shown for the sedimentation of a link-protein control (Fig. 6a) and a proteoglycan/link-protein mixture (Fig. 6b) . The link protein which co-sedimented with the proteoglycan was assumed to be bound. Over the link-protein concentration range studied, the bound-link-protein/'active'-proteoglycan concentration ratio ranged from 0.6 to 6.0 (Fig. 7) . Inclusion of 0.1 % (w/v) bovine serum albumin in the equilibration mixtures had no effect on this ratio, although it increased the recovery of link protein.
In 0.2 M-NaCl, higher values for the bound-linkprotein/' active '-proteoglycan ratio were observed, and, for example, at a link-protein concentration of 3.7 x 10-M, a ratio of 12.0 was calculated.
In the presence of a molar excess of hyaluronate oligosaccharides (2 x I0-' M), the bound-link-protein/ 'active'-proteoglycan concentration ratio, in 0.5 Mguanidinium chloride, was decreased from > 6.0 to approx. 2.0 at a link-protein concentration of 5 x 10-6 M and a proteoglycan concentration of 5.3 x 10-7 M (Fig.  7) .
DISCUSSION
In previous studies of the interaction between cartilage proteoglycan and link protein, two different approaches have been taken. One has been to determine the ratio of the two components in the ternary complex, i.e. aggregates or tryspin-treated aggregates (Heinegard & Hascall, 1974; Faltz et al., 1979; Kimura et al., 1980; Ratcliffe & Hardingham, 1983; Bonnet et al., 1985) ; in the other, investigations have been aimed primarily at the interaction, in the absence of hyaluronate, between proteoglycan and link protein (Caterson & Baker, 1978; Franzen et al., 1981) . These latter studies have given no indication of the stoichiometry for the interaction, whereas from the former studies the ratio of 1: 1 has clearly emerged.
In our investigation of the interaction the proteoglycan, rather than the proteolytically derived hyaluronate-binding region (HABR), was used. This allowed efficient separation of the link-protein molecules bound to proteoglycan from those free (unbound) (Fig. 2a) (Fig. 2b) , it was observed to be co-eluted exclusively with the hyaluronate-binding proteoglycans, though surprisingly the proportion of these 'aggregating' proteoglycans was reduced from 65 to 52 %. These data confirm that the link protein is bound at, or close to, the HABR, but suggest that not all HABR retain the ability to bind strongly to link protein, and at least 48 % of the proteoglycans showed no affinity for link protein at all. Also it would appear (as was noted by Tang et al., 1979) The equilibrium binding of the proteoglycan and link protein was investigated by using a novel centrifugal method which separated bound from free (unbound) link protein by exploiting the difference in buoyant density of proteoglycan and link protein and the difference in the sedimentation rate oflink protein and proteoglycan-linkprotein complex. The technique is in principle similar to a frontal-gel-chromatography analysis (Winzor & Scheraga, 1964) , but is faster and more economical with samples. Experiments performed at low link-protein concentrations (2.42 x 10-9-5.93 x 10-8 M), yielded a value for n = 0.56 (i.e. 56% of those proteoglycans capable of binding to link protein have a strong site for link protein) and a Kd of 1.5 x 10-8 M at 20 'C. The value for Kd is comparable with those observed for the other two interactions in the ternary complex (Cleland, 1979; Nieduszynski et al., 1980; Tengblad, 1981; Rate-zonal experiments were used to examine the concentration-dependence of link-protein binding to proteoglycan over a wide range of link-protein concentrations. Though not rigorous, this method demonstrated that suprastoichiometric quantities of link protein comigrated with proteoglycan. This is in good agreement with the Sepharose CL-2B chromatography data discussed above. The saturation curve (Fig. 7) shows a point of inflection in the region of two to three link-protein molecules per proteoglycan and thereafter reaches a plateau at approx. six link-protein molecules per proteoglycan. On addition of an excess of hyaluronate oligosaccharides a significant decrease in the amount of co-migrating link protein was observed, yielding a stoichiometry of approx. two link-protein molecules per proteoglycan. The explanation of these suprastoichiometric effects is not clear, but the best hypothesis probably involves link-protein self-association. Indeed, in rate-zonal experiments performed in NaCl, a solvent shown to allow higher oligomers of link protein (Tang et al., 1979; Bonnet et al., 1985) , stoichiometries of up to 12 link-protein molecules per proteoglycan were observed. have shown that, in 0.5 M-guanidinium chloride, and over the link-protein concentration range employed in the rate-zonal experiments, link protein occurs predominantly as dimers. We envisage, therefore, that the link protein strongly bound to proteoglycan acts as a nucleating site for further weaker binding of a link protein to the proteoglycan in the region of the HABR, thus stabilizing a site to which more link proteins (possibly as dimers) can bind. hypothesis directly, since we know of no way of chemically inhibiting or removing self-association without abolishing the link-protein-proteoglycan interaction. However, Bonnet et al. (1985) have shown that, for link protein in 1 M-NaCl, the addition of univalent hyaluronate oligosaccharides (10-16 residues long) reduces link-protein multimers to dimers. In the present study, hyaluronate oligosaccharides decreased the link-protein-proteoglycan stoichiometry from approx. 6: 1 to approx. 2: 1. Thus the stable unit appears to be [proteoglycan + two link-protein molecules + hyaluronate]. It is not possible to establish from these data whether the second link protein binds directly to the proteoglycan or to the link protein, or to both. The interpretation of our data is summarized in Scheme 1.
Conclusions
(1) In the bovine articular-cartilage preparation examined, 65 % of the proteoglycans bound to hyaluronate, but only 50 % bound to link protein.
(2) At low link-protein concentrations (2.42 x 10-9 M-5.93 x 10-8 M) in 0.5 M-guanidinium chloride (20°C) a dissociation constant of 1.5 x 10-8 M was observed. However, the stoichiometry indicated that only 56 % of those molecules capable of binding link protein have this strong site.
(3) At higher link-protein concentrations (10-v M-5 x 1o-6 M) in 0.5 M-guanidinium chloride, link-protein/ proteoglycan ratios of approx. 6:1 were observed. These high values for the stoichiometry were interpreted as self-association of link-protein molecules nucleated upon the strong link-protein-proteoglycan complex.
(4) The presence of hyaluronate oligosaccharides reduced the stoichiometry to 2: 1, and this suggests that there may be a second weaker site for a link protein, either on the HABR of the proteoglycan or on the strongly bound link protein.
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